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S erum uric acid (SUA) is a well-known marker of cardiovascular damage, 1 and much experimental and clinical evidence support the possibility that an elevated SUA level may independently lead to or worsen hypertension. 2 However, the mechanisms linking hyperuricemia to hypertension remain uncertain at present and include endothelial dysfunction and arterial stiffening through increased oxidative stress, reninangiotensin-aldosterone system activity, and inflammation. 3 Carotid-femoral pulse wave velocity (PWV) is the gold standard measurement of arterial stiffness, and it is independently associated with the incidence and progression of hypertension. [4] [5] [6] Nonetheless, only few studies have investigated the relationship between SUA and PWV, and these are mainly cross-sectional with contrasting findings. Some have suggested an independent positive association between SUA and PWV, [7] [8] [9] while others have demonstrated that this association loses significance after adjustment for measures of renal function and body fat. [10] [11] [12] [13] More recently, 2 large studies found a stronger cross-sectional relationship between SUA and PWV in men than in women. 14, 15 The gender difference in the association between SUA and PWV is particularly important, given the higher SUA level in men and their accelerated arterial stiffness with aging. 6 In light of previous study results, we hypothesized a direct independent longitudinal relationship between SUA and PWV that is more pronounced in men, given their higher values of SUA. We tested this hypothesis performing gender-stratified linear mixed-effect analyses using data from the BLSA (Baltimore Longitudinal Study of Aging), a prospective cohort study with repeated measures of SUA, PWV, and other cardiovascular risk factors. Such information will not only elucidate one potential mechanism relating SUA to cardiovascular risk but could also help in determining whether targeting SUA might be useful to slow the progression of arterial stiffness and reduce the significant cardiovascular risk associated with it.
Methods

Study Sample
The study population was derived from the BLSA. This is an ongoing prospective study of community-dwelling elderly individuals who regularly undergo a 2-to 3-day-long follow-up visit for the monitoring of a variety of medical conditions, including cardiovascular risk factors, organ damage, and diseases. At each study visit, SUA was measured from a blood sample usually drawn in the morning of the first day, whereas PWV was measured within the next few days of study visit, according to the patient-specific schedule. For the present analysis, from the original cohort of 1351 subjects with 4831 followup visits, we selected only participants with at least 2 longitudinal visits with complete data of the variables of interest (ie, SUA and PWV) and covariates (see below). We excluded visits before 2003, where PWV had been measured with a Doppler device. 6 Between May 2003 and December 2014, repeated measurements were performed in a subset of 873 BLSA participants, with a total of 2843 repeated concurrent PWV and SUA measures. The distribution of female and male participants and follow-up visits by age groups at study entry is presented in Table S1 in the online-only Data Supplement. The 478 participants who were excluded from the analysis were in equal part men (n=236) and women (n=242), had a lower number of prospective visits (total=655), were generally older (mean age 73±11 years), and had greater comorbidity than those who were included. The BLSA protocol was approved by the Institutional Review Board of record at the time of data collection (MedStar Health Research Institute, Baltimore, MD, or National Institute of Environmental Health Sciences, NC). Participants were given a detailed description of the study and consented to participate.
Carotid-Femoral PWV
Carotid-femoral PWV was calculated as the distance traveled by the pulse wave from the carotid to the femoral artery measured over the body surface divided by the time difference between the feet of carotid and femoral arterial waveforms gated to ECG. Details of the PWV protocol measurement are available in the online-only Data Supplement, including the process applied to standardize PWV measures obtained 
Serum Uric Acid
Blood samples were collected in the morning after participants had been fasting for at least 12 hours and sitting for 15 minutes. Aliquots of serum were immediately obtained and stored at −80°C. SUA (mg/ dL) was measured using enzymatic-colorimetric methods (Bayer, GmbH, Leverkusen, Germany). The lower limits of detection were 0.2 mg/dL, range 0.2 to 25.0 mg/dL; intra-assay and interassay coefficients of variation were equal to 0.5% and 1.7%, respectively. 16 SUA was also expressed in gender-specific tertile at study entry. In women, the limit values of each tertile were the following: SUA <4 mg/dL (n=152, visits=469), SUA 4 to 4.8 mg/dL (n=145, visits=465), and SUA ≥4.9 mg/dL (n=149, visits=475). In men, the limit values of each tertile were the following: SUA <5.1 mg/dL (n=136, visits=458), SUA 5.1 to 6.1 mg/dL (n=143, visits=494), and SUA ≥6.2 mg/dL (n=148, visits=482).
Covariates of Interest
Oscillometric brachial blood pressure was measured at the time of PWV using an appropriately sized cuff, and hypertension was defined as a blood pressure ≥140/90 mm Hg or the use of antihypertensive medications. The heart rate was recorded before measuring PWV from the ECG. Body mass index was calculated as body weight divided by squared height (kg/m 2 ). Waist circumference was measured at the minimal abdominal circumference between the lower edge of the rib cage and the iliac crests, and central obesity was defined as a waist circumference >102 cm in men and >88 cm in women. Smoking was ascertained by a questionnaire, and participants who had never smoked >100 cigarettes were considered nonsmokers. Diabetes mellitus was diagnosed according to the 2011 American Diabetes Association criteria 17 or the use of diabetes medications. The estimated glomerular filtration rate (eGFR) was calculated by the simplified modification of diet in renal disease formula and expressed as mL/min per 1.73 m 2 . Fasting serum samples were also used to assay plasma glucose and plasma lipoproteins, and lowdensity lipoprotein cholesterol concentrations were estimated by using the Friedewald formula. Hypercholesterolemia was defined as total serum cholesterol ≥200 mg/dL or the use of lipid-lowering medications. Use of medications was determined at each study visit according to the Anatomic Therapeutic Chemical classification system recommended by the World Health Organization. Lipid-lowering medications included statins (C10AA) and their combination with other lipid-lowering agents (C10BA and C10BX), while antihypertensive medications included vasodilators (C01D, C03, and C04), diuretics (C03), β-blockers (C07), calcium channel blockers (C08), and agents acting on the renin-angiotensin-aldosterone system (C09). Diabetes mellitus medications included insulin, biguanides, sulfonamides, and other drugs used in diabetes mellitus (A10).
Statistical Analysis
Baseline characteristics of women and men included in the analysis are presented as mean±standard deviation and ranges, or frequencies and percentages, and were compared by Student's t test or chi-squared test, as appropriate. Linear mixed-effect models were implemented to assess the longitudinal association between SUA and PWV, after accounting for confounders. A linear mixed-effects regression model easily accommodates unbalanced, unequally spaced observations and, consequently, is an ideal tool for analyzing longitudinal changes in data from this observational study. 18 Age was introduced in the model as entry age and follow-up time (time) to allow the detection of nonlinear changes in PWV with aging (see online-only Data Supplement for further details). Because of the well-known differences in PWV and SUA between women and men, all models were stratified by gender. To test for the longitudinal association between SUA and PWV, SUA and its interactions with entry age and time were introduced into a multivariate model accounting for established determinants of SUA and PWV. These covariates were chosen based on both their clinical and their statistical associations with the predictor (ie, SUA) and the outcome (ie, PWV) demonstrated in previous literature 2, 6, 19, 20 and their availability at each study visit. Thus, the final full models, beyond SUA and its interactions with entry age and time, also included nonwhite race, systolic blood pressure and heart rate, eGFR, waist circumference, glucose, triglycerides, low-density lipoprotein and high-density lipoprotein cholesterol, smoking, antihypertensive medications, and lipid-lowering medications. 6 Main determinants of PWV (ie, systolic blood pressure, heart rate, and waist circumference) and SUA (ie, systolic blood pressure, eGFR, and waist circumference) were forced into each model, then backward elimination of the remaining terms with P value >0.10 was performed. To further assess the differences in longitudinal changes in PWV with age at different SUA level, linear mixed-effect models with gender-specific baseline tertiles of SUA were also built using the lowest gender-specific SUA tertile as the reference group. All analyses were performed using SAS for Windows (version 9.2; SAS Institute Inc, Cary, NC).
Results
Characteristics of the study population at baseline are presented in Table 1 . The final analyses included 446 women (51%) and 427 men (49%), with 1409 and 1434 prospective observations, respectively (median number of observations per participant 3, range 2-10), over a median follow-up period of 6 years (range 1-11). At first study visit, compared with women, men were older, were more likely to be white and to smoke, and had higher PWV, SUA, and blood pressure values but a lower heart rate. Men also had higher plasma glucose but lower total, low-density lipoprotein, and high-density lipoprotein cholesterol levels than women and also more frequently took antihypertensive and lipid-lowering medications than women. Men were more frequently diagnosed with hypertension and diabetes mellitus than women. Fewer than 1% of study participants had an eGFR of <60 mL/min per 1.73 m 2 , with no significant difference between genders. There was also no significant difference between genders in diuretic medications that could potentially modify SUA levels, including thiazide or potassium-sparing agents (Anatomic Therapeutic Chemical C03A and C03D, 15% in women versus14% in men; P=0.75). Three men (0.7%) but no women were taking anti-gout medication at baseline (Anatomic Therapeutic Chemical M04A; P=0.09).
As expected, the distribution of SUA significantly differed between genders at study entry, with men showing higher SUA than women ( Figure S1 ). When analyzing the correlation between SUA and age at study entry, women showed increasing levels of SUA with age, particularly before the seventh decade, whereas men did not. Nonetheless, at each 5-year entry age group, men displayed higher SUA than did women ( Figure S2) .
We tested the longitudinal association between SUA and PWV in fully adjusted gender-specific models, 6 including the interaction of SUA with entry age and time (Table 2 , model 1). The coefficients of the time main term, along with the interaction terms that included it, quantify the longitudinal change in PWV and how SUA modified the magnitude of these changes. In women, we found no longitudinal association between PWV and SUA; however, there was a significant SUA×entry age interaction, indicating that higher SUA was associated with higher PWV at older entry age. In contrast, in men, we found a significant SUA×time interaction, suggesting that higher SUA was associated with an accelerated increase in PWV with aging. After performing backward elimination, these associations were found to be independent of other covariates, particularly systolic blood pressure, heart rate, eGFR, and waist circumference (Table 2, model 2). A table with raw coefficients is provided in the online-only Data Supplement (Table S2) .
To further dissect this differential contribution of SUA to the increase in PWV with aging in the 2 genders, we stratified the study population in gender-specific tertiles of SUA at study entry. When investigating the interactions of the middle and the highest SUA tertile with entry age and time (using the lowest tertile as reference) in gender-stratified linear mixed-effects models, we found a significant interaction of the highest but not of the middle SUA tertile with entry age in women, and with time in men, suggesting a threshold effect (Table 3 , model 1). Accordingly, participants in the lowest and in the middle tertile were combined in a unique reference group (Table 3 , model 2). Women in the highest SUA tertile had higher PWV at older entry age than those in the reference group, as evidenced by a significant entry age×highest SUA tertile interaction, but no significant differences in the rate of PWV change over time. On the contrary, men in the highest SUA tertile had an accelerated rate of PWV increase over time when compared to those in the reference group, as evidenced by a significant time×highest SUA tertile interaction, but no significant differences in PWV at entry age (Table 3 , model 2).
Figure shows predicted longitudinal trajectories of PWV increase over time in women versus men belonging to the lowest and the middle gender-specific SUA tertiles ( Figure, left) and to the highest gender-specific SUA tertile (Figure, right) . Although there was no differential contribution of SUA to the longitudinal increase in PWV between women and men with low SUA, men with high SUA had an accelerated rate of PWV increase over time compared with women with higher SUA (Figure) , suggesting a gender-specific independent causative role of SUA in the longitudinal increase in PWV only in men.
We, therefore, performed sensitivity analyses to evaluate whether the higher SUA thresholds generally reached by men as compared with women could explain this gender difference. We selected a sample including only men in the lowest-middle SUA tertiles at baseline (SUA <6.2 mg/ dL) and women in the middle-highest SUA tertiles at baseline (SUA ≥4 mg/dL). This sample included 294 women with 940 prospective observations and 279 men with 952 prospective observations, with women having significantly higher mean baseline SUA values than men (5.1±0.9 versus 4.9±0.8; P=0.03). The longitudinal association between SUA and PWV became not statistically significant in men (SUA×time β=0.46; P=0.11) and remained not statistically significant in women (SUA×time β=0.23; P=0.34). In addition, to further substantiate the potential cause-effect relationship between hyperuricemia and arterial stiffness, we repeated the analysis using lagged independent variables (ie, correlating prior-visit SUA and covariates with next-visit PWV), and the results remained substantially unchanged (see Table S4 ).
Discussion
This is the first analysis investigating the longitudinal association between SUA and PWV in a community-dwelling population of elderly and mostly white individuals. We disclosed a significant independent relationship between increased SUA and increased PWV over time. This association was restricted to men and, possibly, explained by the higher SUA levels in men than in women throughout their lifespan, rather than gender-specific susceptibility to the effects of SUA.
These data further expand the growing body of literature investigating a potential independent contribution of SUA to the progressive stiffening of the arterial tree observed with aging. Some previous cross-sectional analyses showed no association between SUA and PWV after adjusting for measures of renal function and body fat, 10-13 whereas others showed a positive independent association. [7] [8] [9] To date, it remains unclear whether hyperuricemia has a causal effect or is simply a marker for other cardiovascular risk factors, such as hypertension, dyslipidemia, and diabetes mellitus. 2 Yet, our present findings demonstrate an accelerated increase in PWV with aging in male individuals with higher SUA values, which was independent of major confounders, including age, blood pressure, renal function, and metabolic measures. Interestingly, 2 recent large cross-sectional studies, despite intrinsic limitations, also found a significant independent relationship between SUA and PWV only in men. 14, 15 Men have SUA levels higher than women at all ages, 21 a finding that we confirmed in our study population ( Figure S2 ). While this gender difference has generally been attributed to the uricosuric effect of estrogens in premenopausal women 22 and possibly to impaired renal clearance ; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HR, heart rate; LDL, low-density lipoprotein; PWA, pulse wave velocity; SBP, systolic blood pressure; SD, standard deviation; SUA, serum uric acid; and WC, waist circumference. February 2017 and excess production of uric acid in male patients, especially in the presence of visceral fat obesity or metabolic syndrome, 23 the pathophysiology and clinical meaning of this finding has never been clearly elucidated. 24 The gender-specific and time-dependent effect of SUA on PWV we report here might be because of the higher levels of SUA in men. In fact, when we selected a sample of men with baseline SUA levels comparable to those reported in women (ie, <6.2 mg/dL), the significance of the longitudinal association with PWV was lost.
Consistent with the results of the continuous analysis, higher SUA levels at baseline were associated with an increased longitudinal rate of change in PWV in men. Interestingly, this result did not apply to male participants with baseline SUA values <6 mg/dL, which corresponds to the highest limit of the mid SUA tertile in men (<6.2 mg/dL) and is commonly considered a cutoff criterion for definition of asymptomatic hyperuricemia. 25 Thus, it seems as if there is a threshold effect for SUA on arterial stiffness, and men cross that threshold more frequently and, hence, the high The value 0 indicates the reference group. Models were adjusted for variables shown, plus race, glucose, HDL cholesterol, triglycerides, HDL cholesterol, smoking, and antihypertensive and lipid-lowering drugs; results are reported for terms with P value <0.10 after backward selection; SBP, HR, eGFR, and WC were forced into the reduced models, see text for details. SUA values are expressed in mg/dL. Full model results before backward selection are presented in Table S3 . β indicates standardized beta estimate; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HR, heart rate; LDL, low-density lipoprotein; PWA, pulse wave velocity; SBP, systolic blood pressure; SD, standard deviation; SUA, serum uric acid; and WC, waist circumference.
Figure.
Predicted longitudinal changes in pulse wave velocity (PWV) by gender and serum uric acid (SUA) categories. Predicted longitudinal changes in (PWV) in women and men in the lowest and mid gender-specific SUA tertiles (left) and in the highest genderspecific SUA tertile (right) at study entry, obtained from model 2 in Table 3 . Note in the right panel the faster increase in PWV (ie, steeper slope) with aging in men compared with that in women in the highest gender-specific SUA tertile. In contrast, note in the left panel that the rate of change did not significantly differ (ie, lines are parallel) in men and women in the lowest and mid gender-specific SUA tertile.
PWV acceleration. In addition, this finding suggests that it is likely the long-term exposure to high levels of SUA that matters, even in the absence of symptoms. Accordingly, the 2-step process proposed by Feig 26 seems to fit well with recently reported findings in children, 27 which suggest that time exposure to elevated SUA may lead to vascular remodeling and persistent hypertension as a long time consequence of functional and transient vasoconstriction.
Arterial stiffness is the consequence of a complex interaction between structural and geometric properties of the arterial wall and dynamic effects of the distending pressure. Its main determinants are aging and blood pressure. 6, 20 The healthy properties of the vascular wall rely on the dynamic interplay of production and degradation of collagen and elastin. Deregulation of this balance may be stimulated by an inflammatory milieu, leading to increased arterial stiffness, 28 and contribute to the increase of blood pressure. 4, 5 Several possible pathophysiological mechanisms linking uric acid and arterial stiffness have been proposed, including that uric acid may stimulate the inflammatory pathways 29 and promote vascular smooth muscle cells proliferation by entering cells. 30 In particular, SUA has been shown to induce vascular smooth muscle cells proliferation and oxidative stress by stimulating the vascular renin-angiotensin system. 31 Uric acid also promotes endothelial dysfunction through inactivation of NO and impairment of endothelial cells proliferation. 32 In addition to these molecular and animal models that support a direct metabolic effect of soluble urate, many recent studies have shown that hyperuricemia predict the development of hypertension. 19 Furthermore, some preliminary data in children suggest that urate-lowering treatment might reduce and normalize blood pressure. 33, 34 Thus, the vascular damage our findings suggest to be induced by hyperuricemia may be a novel mechanism contributing to the development of essential hypertension. In resume, known biological mechanisms linking SUA to increased arterial stiffness might justify our findings of an increased baseline PWV in older female with higher SUA levels and of a steeper increase in PWV over time in men in the highest SUA tertile. Our data provide the first human model suggesting a robust pathogenetic mechanism linking SUA to the increase of blood pressure (or to the onset of hypertension).
Our findings supply some insight into the mechanism relating SUA to cardiovascular disease and the growing evidence of possible benefit from reducing asymptomatic hyperuricemia. Several large observational studies have demonstrated an independent association between SUA and cardiovascular outcomes. 2, 21, 35 Although reducing SUA in humans using hypouricemic drugs has not been found to independently improve cardiovascular outcomes, 36 recently published large-scale studies show a favorable effect of reducing SUA production by pharmacological inhibition of xanthineoxidase on all-cause mortality and cerebrovascular events. 37, 38 In addition, preliminary data suggest that xanthine-oxidase inhibitors might induce relative reversibility of uric acidrelated target organ damage. 39 Our study has some limitations and several strengths that should be mentioned. First, as a population-based study, the results of this analysis should be interpreted with caution in terms of implications on the direction of causality and applicability to individual patients. The purpose of this study is to reveal whether there is a longitudinal association between SUA and PWV and guide future studies to further examine this association. However, the effect size, using standardized coefficients, suggest that the effect of SUA in men is noticeable, with the effect of one standard deviation of SUA on the acceleration in the longitudinal increase in PWV being even greater than the effect of additional 10 years of age at study entry (β=0.615 versus β=0.557, respectively; see Table 2 , model 2). The relatively large effect size might suggest a potential role for interventions targeting SUA in the future. Second, the relatively small sample size (especially when categorizing SUA subgroups) and the relatively healthy population of our cohort prevented stratifying the analysis by health conditions, which limits the generalizability of this cohort to other nonhealthy populations. Another limitation is that, in accordance with the recommendation available at the beginning of the study, PWV was measured after at least 30-minute abstention from caffeine intake; to minimize biases to the longitudinal trends, we did not alter the protocol to accommodate the more recent recommended abstention period of 3 hours. However, PWV examinations are performed on BLSA participants during their 2-to 3-day stay in the hospital unit, within a controlled and comfortable environment, and far from habitual coffee time (breakfast or lunch).
Among the strengths, the wide age distribution and the similar number of observations and follow-up time between the 2 genders allowed us to perform the necessary gender-stratified analysis. In addition, the relatively low cardiovascular risk profile of our sample (ie, only few participants with chronic kidney disease and low prevalence of diabetes mellitus and central obesity) likely permitted the isolation of the potential independent causal effect of a single molecule, such as SUA on PWV. More importantly, it is very unlikely that this effect may be due or mediated by treatments, with <15% of the sample taking medications that could potentially affect SUA.
Perspectives
Our study, showing that subclinical SUA levels might affect the worsening of PWV over time, provides the first demonstration of a relationship between increased SUA levels and vascular damage, namely arterial stiffness, in a longitudinal setting. To better elucidate the role of uric acid-lowering treatment in the context of cardiovascular risk factors, our findings should be further tested for the effect of lowering SUA on PWV in randomized controlled trials.
